ABSTRACT Early-weaned gilts fitted with simple ileal T-cannulas were used to determine the effect of protein source on N and amino acid (AA) digestibility. The digestibilities of N and AA in 25-to 53-d-old pigs fed either dried skim milk (DSM), isolated soybean protein (ISP), soybean protein concentrate (SPC), or soybean meal (SBM) as the only protein source were determined. The pigs were fed semipurified diets formulated to contain 22% CP. Digestibility of N and overall essential amino acids (EAA) and nonessential amino acids (NEAA) both a t the terminal ileum and over the total digestive tract of early-weaned pigs was greater ( P < .01) by pigs fed the DSM, ISP, and SPC diets than by those fed the SBM diet. The ileal and total tract digestibilities for N and all AA except glutamic acid ( P < .05) increased with increasing age of pigs. Digestibility both at the ileum and total digestive tract for lysine was greater ( P < . O l ) in pigs fed the DSM diet than in those fed any of the soybean protein diets. Digestibility values over the total tract were greater than values estimated at the ileum, indicating a net disappearance of both N and AA in the hindgut. This study suggests that low digestibility of the first-limiting AA, lysine, may limit performance of pigs fed a SBM diet.
Introduction
Weaning pigs between 3 and 4 wk of age is desirable for swine producers to maximize efficiency. However, early weaning commonly results in low feed intake, poor feed conversion, intestinal malabsorption, and weight losses. A large number of studies have shown that performance of early-weaned pigs is lower with soybean protein diets than with milk protein diets (Wilson and Leibholz, 1981a,b,c,d; Leibholz, 1982; Walker et al., 1986) . However, recent studies with further processed soybean protein isolates (Dietz et al., 1988; Geurin et al., 1988; Sohn et al., 1993) and soybean protein concentrates (Li et al., 1991; Sohn et al., 1993) supported performance similar to that observed in pigs fed a dried skim milk-based diet.
Studies with early-weaned pigs (Walker et al., 1986) indicated that although ileal amino acid digestibility of a selected isolated soybean protein and a soybean protein concentrate was improved over that of J. h i m . Sci. 1994. 72:631-637 soybean meal, digestibilities were still inferior to those obtained in pigs fed casein. Nutrient digestibility of isolated soybean proteins and soybean protein concentrates now available may be improved over those used previously. Several studies have shown that protein sources vary in apparent amino acid ( AA) digestibility as measured either at the ileum or in fecal samples of growing-finishing pigs (Sauer et al., 1977; Taverner and Farrell, 1981; Jorgensen et al., 1984) . However, studies in the early-weaned pig, in which the effects of protein source may be more critical, are more limited (Walker et al., 1986) . In addition, differences in nutrient digestibility between the ileum and feces for early-weaned pigs has received limited study. This study was conducted to determine the biological digestibility of DM, N, and individual AA in one milk protein and three sources of soybean protein fed to ileally cannulated, early-weaned pigs.
Materials and Methods
Four Yorkshire gilts were surgically fitted with a simple T-cannula located in the distal ileum approximately 5 cm from the ileocecal junction. The material used to make the single-piece cannula was an acetal removed from the sow at 18 d of age, at which time the cannulas were surgically installed. Cannula design and surgical techniques used were suggested by Walker (1984) . Immediately after surgery, pigs were returned to the sow, where they remained with the rest of the litter for a 5-d convalescence period. Creep feed and water were available at all times during the convalescent period. After recovery, the pigs were moved to an environmentally controlled feeding room, where they were housed in individual elevated metal pens measuring .7 m x 1.0 m. Temperature in the feeding room was maintained at 30°C during the 1st wk and was decreased lC"/wk for the remainder of the experiment. After a 2-d adaptation period, the pigs at 25 d of age were started on a 4 x 4 Latin square trial.
Dietary treatments consisted of one milk and three soybean protein sources in semipurified cornstarchcerelose-based diets ( 2000 and allowed continuous access to the feed for a 1-h period, after which all uneaten feed was removed. Diets were mixed with an equal portion of water and fed as a gruel to enhance feed intake. All uneaten and wasted feed was collected, dried, and weighed so that daily feed intake for each pig could be monitored. Pigs had continuous access to nipple waterers.
Each of the four 7-d experimental periods consisted of a 4-d adjustment period followed by a 3-d collection period. Fecal samples were collected over the 3-d collection period. Ileal samples were collected continuously on each collection day, beginning 1 h after the morning feeding and continuing until either 50 g of wet sample was collected for each pig or until feeding time of the evening meal. Samples were collected in vinyl bags suspended from the cannula. Bags containing samples were changed at a maximum of 1-h intervals. After removal from the pig, all digesta samples were immediately frozen and stored at -20°C. Ileal and fecal samples collected over the three collection days of each period were composited by treatment prior t o lyophilization and grinding for laboratory analysis. Dry matter, N, and ash content of feed, ileal digesta, and fecal samples was determined according to AOAC (1984) methods. Chromic oxide content was determined as described by Williams et al. (1962) . Amino acid analyses were determined by ion-exchange chromatography using a modified Beckman model 6300 amino acid analyzer. Acid hydrolysis aAs-fed basis. bDSM = dried skim milk protein diet; ISP = isolated soy protein diet; SPC = soy protein concentrate diet; SBM = soybean meal diet.
CProtein and amino acid composition of the protein sources tested is presented previously (Sohn et al., 1994) . The soluble soy isolate (ISP1) and SPC 111 were the sources used in the digestion trial. The same source of DSM and SBM were used in the digestion study. was conducted under nitrogen reflux in 6 N HC1 for 22 h. The ileal and fecal DM, ash, N, and AA digestibilities were calculated using chromic oxide as an indigestible marker. The data for each response criteria were analyzed as a 4 x 4 Latin square design by least squares analysis of variance (SAS, 1988) . The models included the main effects of pig, period, and treatment. The t-test was used to evaluate differences among treatment means. Orthogonal polynomials were used to test for linear, quadratic, and cubic effects for the different periods.
Results and Discussion
Arginine, lysine, and phenylalanine were higher in ISP, SPC, and SBM diets than in the DSM diet (Table  2 ).
Dry matter digestibility at both sites was lower ( P < .Ol) in pigs fed SBM than in pigs fed all other protein sources, whereas DM digestibility among pigs fed the DSM, ISP, and SPC diets was similar (Table   3 ). The ileal DM digestibility estimates of 84.72 and 83.5796 for the DSM and ISP diets reported in this study were similar to the values 82.6 and 82.5% for pigs fed milk and isolated soy protein diets, respectively, reported by Wilson and Liebholz (1981b) . The ileal DM digestibility estimate of 71.8% for the soybean meal diet reported in this study was higher than that (64.4%) reported by Wilson and Leibholz (1981b) in 28-d-old pigs. The dry matter digestibility estimates in pigs fed DSM and ISP diets obtained over the total digestive tract reported here were lower than those previously reported by Wilson and Leibholz (1981b) . The reason for this lower fecal DM digestibility is unknown but could be a reflection of higher inclusion levels of dietary ingredients with lower digestibility. The ash digestibility both at the terminal ileum and for the total digestive tract was similar for all the protein sources.
The ileal digestibility of N, essential amino acids ( E M ) , and nonessential amino acids ( NEAA) was lower ( P < .01) in pigs fed the SBM diet than in those fed all other protein sources ( Walker et al. (1986) . This may reflect improved processing of the source of ISP and SPC and the very low trypsin inhibitor of the SBM used in this study (Sohn et al., 1994) . The improved apparent ileal digestibility is consistent with improved performance in pigs fed these sources of protein in a feeding trial (Sohn et al., 1994) . Pigs fed the same source of ISP and SPC used in this digestion study had performance similar to that of pigs fed DSM. In the earlier study by Walker et al. (1986) , pigs fed an ethanol-extracted soybean protein concentrate or a soybean protein isolate exhibited reduced performance compared with pigs fed a milk protein-based diet.
The fecal apparent digestibilities of N and all the EAA were higher ( P < .O 1) in pigs fed the DSM, ISP, and SPC diets than in those fed the SBM diet (Table  5 ). The apparent digestibility of overall EAA measured over the entire digestive tract averaged 93.9, Walues are means of four observations. bDSM = dried skim milk protein diet; ISP = isolated soy protein diet; SPC = soy protein concentrate 'SBM differs from other diets ( P < .01).
d,eMeans in the same row with different superscripts differ ( P < .05).
f@bleans in the same row with different superscripts differ ( P < .01).
diet; SBM = soybean meal diet. LgMeans in the same row with different superscripts differ ( P < .01).
diet; SBM = soybean meal diet.
92.8, 93.0, and 86.3% in pigs fed the DSM, ISP, SPC, and SBM diets, respectively. In addition, the fecal digestibility of lysine was higher ( P < .05) in pigs fed the DSM diet than in those fed the ISP or SPC diets and higher ( P < .05) in pigs fed ISP or SPC than in those fed the SBM diet. Similarly, the fecal digestibility of valine was higher ( P < .05) in pigs fed DSM than in those fed the ISP and SPC diets, whereas digestibility in pigs fed the ISP diet was similar to that in pigs fed the SPC diet. The difference between total digestive tract and ileal AA digestibility determined by subtracting ileal digestibilities from total digestive tract digestibilities is shown in Table 6 . Positive values indicate a net disappearance of AA from the hindgut. Dry matter disappearance from the hindgut ranged from 5.5% for DSM to 10.5% for SBM; DM disappearance in pigs fed ISP or SPC was intermediate. This may reflect the higher fiber content of SBM and the high digestibility of nutrients in DSM (Sauer et al., 1977) . Ash digestibility for the total tract was higher than estimates obtained at the ileum.
The digestibilities of N and of all AA were consistently higher when measured over the total digestive tract than when measured at the end of the small intestine, indicating a loss of nitrogenous components in the cecum and colon. Disappearance of nitrogen from the large intestine was higher ( P < . 0 5 ) in pigs fed SBM than in those fed the other diets. The disappearance of all the EAA was higher ( P < .05) in pigs fed SBM than in those fed DSM, with the exception of histidine and threonine. Disappearance of the EAA in pigs fed DSM, ISP, and SPC was similar, with the exception of arginine. In general, the NEAA followed a similar pattern. Differences in N digestibility to the ileum and over the total digestive tract suggest that the microflora of the cecum and large intestine had an effect on N digestibility and that the weanling pig has well-developed microflora. Higher digestibilities over the total tract than digestibilities at the end of the small intestine have been reported in older pigs for N and most AA in soybean meal (Holmes et al., 1974; Tanksley et al., 1981; Sauer et al., 1982) . Losses of AA in the hindgut were greatest for proline, glycine, threonine, and alanine, amino acids that had the lowest digestibilities at the end of the small intestine. Disappearances of N and AA from the large intestine were, in general, highest in pigs fed the SBM diet. This is consistent with the observation of Sauer et al. (1977) , who reported an inverse relationship between digestibility at the terminal ileum and degradation of amino acids in the large intestine in older pigs.
Protein and amino acids infused into the large intestine of the pig are well digested, but the N absorbed is not retained and almost completely excreted in the urine (Zebrowska, 1973; Just et al., 198l) , suggesting that amino acids disappearing from the large intestine have minimal nutritional value for the pig. For this reason, amino acid digestibilities for the soybean protein products measured at the end of the small intestine should more accurately measure differences in the amino acid absorption than digestibilities over the total digestive tract. It has been suggested that the modifications of nitrogen and essential amino acids by microbial organisms in the cecum and large intestines of larger swine make availability estimates based on fecal samples questionable (Holmes et al., 1974; Ivan and 1981 Farrell, 1976; Sauer et al., 1977; Taverner and Farrell, 1981; Tanksley and Knabe, 1982; Jorgensen et al., 1984) . Our study suggests that the considerable modification of N that occurs in the large intestines during the postweaning period may also make availability estimates based on fecal samples questionable. It should be noted, however, that Wunsche et al. ( 1984) concluded that the relationship between ileal and fecal availability was so close that for practical purposes it is not necessary to determine apparent ileal digestibility for each feedstufY. Similarly, Just and Fernandez (1985) in older pigs and Walker et al. (1986) in postweaning pigs noted that the superiority of ileal over fecal digestibility of amino acids is not large. The present study suggests that the differences between ileal and fecal digestibilities are small and consistent, but significant. Additional data, however, may allow accurate estimates of ileal availability from fecal availability, particularly in young pigs.
In general, the digestibility of both N and AA in pigs fed the SBM diet was lower than that in pigs fed other dietary protein sources. This may reflect the presence of proteolytic enzyme inhibitors, indigestible carbohydrate complexes (NDF), and(or) antigenic constituents (glycinin or P-conglycinin) present in soybean endosperm; these may account for the inferior growth and efficiency observed for early-weaned pigs fed the SBM diet compared to those fed milk or processed soybean protein diets. Similar digestibilities of amino acids among the DSM, ISP, and SPC diets reflect removal of antinutritional factor(s) and antigenic material(s) present in soybeans during production of isolated soybean proteins or soybean protein concentrates (Kilshaw and Sissons, 1979; Stobo et al., 1983; Walker et al., 1986) . Improved digestibility values in young postweaning pigs fed ISP and SPC vs SBM support an earlier observation (Walker et al., 1986) . Improved performance in pigs fed either ISP or SPC (Sohn et al., 1994) may be due in part to improved nutrient availability.
A linear increase over time ( P < .05) was observed in both ileal and total tract digestibility of N, all the E M , and the NEAA with the exception of glutamic acid. The increase in amino acid digestibility with increasing age is consistent with earlier studies (Walker et al., 1986) . Wilson and Leibholz ( 1 9 8 1~) observed increased nitrogen digestibility from 14 to 35 d of age in pigs fed a soybean protein isolate but not in those fed a milk-based diet. Several studies have been reported in which an increase in nutrient digestibility has been observed with increasing age in young, growing pigs (Combs et al., 1963; Wilson and Leibholz, 1981d; Leibholz, 1982) .
The present results indicate that more precise diet formulation may be achieved when ileal digestibility of the amino acids in a feedstuff are considered. The fecal analysis method may overestimate the digestibilities of the indispensable amino acids, including amino acids such as lysine, which often is limiting in swine diets using soybean proteins as protein source. The ileal analysis method should be the method of choice for determining amino acid digestibilities in feedstuffs for weanling pigs. Formulation of diets based on available amino acids should result in a more valid comparison of soybean protein versus milk protein.
Implications
Selected refined soybean protein sources, but not soybean meal, seem to be digested almost as well as milk protein in early-weaned pigs. Further processing techniques seem t o have improved digestibility of selected soybean protein sources.
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